Male albino rabbits were subjected to a single mechanical dilatation of the descending thoracic aorta with a balloon catheter. The animals were killed 3, 6, 14, 30, and 60 days later. Between the sixth and the fourteenth days after injury, all the aortas which had been dilated developed severe, gross arteriosclerosis. Microscopic examination showed destruction and degeneration in the form of necrosis and calcification as well as regeneration and repair including new formation of cells, intercellular substance, and fibers. Biochemical and histochemical analyses revealed an early increase in hyaluronic acid and water followed by an increase in chondroitin-4, 6-sulfate and a later increase in heparan sulfate, dermatan sulfate, and collagen. These alterations were related to the focal lesions in the aortic wall. The permeability of the aorta to 12B I-albumin increased to a maximum 3 days after the dilatation, whereupon it decreased rapidly. The alterations were interpreted as nonspecific processes of repair in the vascular connective tissue. The pronounced dependence of the alterations on the time elapsed after injury must be considered in the study of vascular diseases where injury and repair may be involved. wall is constantly subjected to a mechanical strain caused by the blood flow and blood pressure. In previous studies, we observed that an increased mechanical strain may be one of the factors responsible for the development of aortic arteriosclerosis in rabbits subjected to systemic hypoxia and intravenous injections of catecholamines (3, 4). Although mechanical factors may also be important in the pathogenesis of human arteriosclerosis (5, 6), little is known about the type and the sequence of biochemical and histochemical alterations following mechanical injury of the arterial wall.
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• Repair processes in the vascular wall have been proposed as characteristic features of various types of vascular diseases such as the connective tissue diseases and arteriosclerosis (1, 2) . Proper evaluation and interpretation of biochemical and morphological alterations in human blood vessels are difficult because the duration of the alterations as well as the type and duration of processes preceding them are usually unknown.
Under physiological conditions, the arterial wall is constantly subjected to a mechanical strain caused by the blood flow and blood pressure. In previous studies, we observed that an increased mechanical strain may be one of the factors responsible for the development of aortic arteriosclerosis in rabbits subjected to systemic hypoxia and intravenous injections of catecholamines (3, 4) . Although mechanical factors may also be important in the pathogenesis of human arteriosclerosis (5, 6), little is known about the type and the sequence of biochemical and histochemical alterations following mechanical injury of the arterial wall. The aim of the present study was to investigate the descending thoracic aorta of rabbits morphologically and biochemically at different time intervals after a single shortlasting mechanical dilatation. Aortic glycosaminoglycans, collagen, and aortic permeability to serum albumin were analyzed. S-suIfate diluted to a suitable volume with a 10 mg/100 ml solution of sodium sulfate). Fortyeight hours after the intravenous injection, the greater part of the 35 S-sulfate is known to be incorporated into the sulfated glycosaminoglycans (1, 10) .
A 2-mm transverse section from the lower part of the middle third of the descending thoracic aorta was used for microscopy. The inner surface Ctrculttion Rnurcb, Vol. XXIX, Noptmbtr 1971 area of the thoracic aorta was estimated by planimetry.
MICROSCOPIC STUDIES
Specimens were fixed in 0.5% cetylpyridiniurn chloride in neutral, buffered 4% formaldehyde at room temperature for 48 hours to preserve the glycosaminoglycans (11) . Paraffin sections with a thickness of 6-8 /A were cut, and the following methods of staining were used:
1 
BIOCHEMICAL STUDIES
The adventitia was removed, and only the intima and the media were used for biochemical analyses. The tissue was homogenized in water, lyophilized, and dried to constant weight. The water content was determined from the difference between •wet and dry weight.
Samples of the homogenate were tested for hydroxyproline content which is an index of collagen content. The analysis was carried out by the methods devised by Prockop and Udenfriend (18) and modified by Jasin and Ziff (19) . Thereafter, the tissue was defatted with acetone and ether. The method described by Thunell (20) was used for isolation and separation of the individual glycosaminoglycans. Samples of defatted tissue weighing 8-10 mg were digested with papain at 67°C for 8 hours. To ensure a quantitative extraction of hexosamine-containing substances, the undigested residue was analyzed for hexosamines by the method of Elson and Morgan (21) as modified by Boas (22) . If the hexosamine content of the residue exceeded 2.5% of the total content of the sample, the digestion was repeated. The glycosaminoglycans were precipitated from the digest with cetylpyridinium chloride, dissolved in n-propanol, and reprecipitated as sodium salts with absolute alcohol. The precipitate was digested overnight with testicular hyaluronidase (Leo Halsinborg, activity 15,000-20,000 IU/mg) at 38°C and divided into depolymerized and polymerized fractions on cellulose columns saturated with cetylpyridinium chloride. The individual fractions of the glycosaminoglycans were estimated by determination of die hexosamine content after separation and recovery of glucosamine and galactosamine on a Dowex 50 ( H + ) microcolumn (23) . The overlapping of glucosamine and galactosamine after this separation ranged from 0 to 2.5%. The coefficients of variation for the fractionation of the individual glycosaminoglycans of the aortic tissue were as follows: hyaluronic acid, 9.4%; heparan sulfate, 7.9*; chondroitin-4, 6-sulfate, 10.4%; and dermatan sulfate, 17.6%. Recovery from standard solutions of hyaluronic acid, heparan sulfate, and chondroitin-4, 6-sulfate was 80%. Due to a particularly high hybridity, some dermatan sulfate may be determined as chondroitin-4, 6-sulfate. According to Thunell this is true for less than 10% of the dermatan sulfate in aorta (20) . The 3r> S-sulfate radioactivity of the sodium salts of the glycosaminoglycans was determined after digestion by testicular hyaluranidase and separation into depolymerized and polymerized fractions (20) . The radioactivity was measured as described by Mahin and Lofberg (24) with a Beckman LS-250 liquid scintillation counter after addition of 20% BBS-s Biosolv (Beckman). The 1 -5 I-albumin radioactivity in aorta and serum was measured on the dry tissue and on serum samples, respectively, in a well-type scintillation counter.
Results

MORPHOLOGY
Gross Anatomy.-Three and 6 days after dilatation, only one of the aortas (6-day Dilated (10) Control ( 
<0.001
Number of animals is given in parentheses. Other values are means by Student's t-test.
SD. P values were derived group) exhibited gross changes. At the 14-day stage, however, all the dilated aortas showed gross arteriosclerotic alterations (Fig. 1 ). These could be classified as bean-shaped bulges (top), localized primarily in the caudal part of the descending thoracic aorta, and more diffusely localized white plaques with slightly elevated edges surrounding the intercostal arteries (middle). In a few aortas, thinwalled aneurysms were seen (bottom).
The gross alterations of the aortas 30 and 60 days after dilatation did not differ from those of the 14-day stage in appearance or extent. Four of the control animals (three in the 6-day group and one in the 14-day group) had slight gross alterations of the cranial part of the descending thoracic aorta. These alterations were similar to those described previously as spontaneous arteriosclerosis (7) .
The inner surface areas of the dilated aortas were about 20% larger than those of the controls in all stages (Table 1) .
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Microscopic Anatomy.-Three days after dilatation only a few endothelial cells were noted. The subendothelial layer was absent in many places although four of the aortas exhibited subendothelial thickening. In some places the internal elastic lamella was disrupted. In 10 of 11 aortas, the media showed extensive necrosis with leukocytes in the luminal half of the wall (Fig. 2) . The elastic laminae looked stretched in the injured areas, but no calcification was seen. The number of collagen fibers was not increased. Many mitoses were observed among the medial cells. In the adventitia, infiltration with mononuclear cells was seen in all of the specimens.
The 3-and 6-day changes were similar. Six days after dilatation, some endothelial cells were observed, and the subendothelial thickening was more prominent. In the media, calcification of the elastic membranes was present in 3 of 11 aortas.
On the fourteenth day after dilatation, endothelium was seen in nearly all of the specimens. The prominent alteration in the intima, however, was the subendothelial thickening which was unevenly distributed as cushion-shaped thickenings alternating with normal areas in 10 out of 11 aortas. Smooth muscle cells were arranged circumferentially in the luminal subendothelium, but a vertical arrangement was noted basally. Delicate collagen and elastic fibers were observed in the intima. The medial injuries included necrotic noncalcified foci and calcified foci. Accumulation of collagen fibers and cell proliferation were common in the perifocal media. In some places, the foci were invaded with cells resembling histiocytes and fibroblasts. Just outside the foci, adventitial blood vessels were numerous, but the infiltration of the adventitia with mononuclear cells had now decreased.
At the 30-day stage the subendothelial thickening had increased. The medial changes did not differ from the changes described at the 14-day stage, but the organization of the foci was more advanced and there were numerous foreign-body giant cells.
Sixty days after dilatation the changes in the intima (Figs. 3 and 4) and the media (Figs. 5 and 6) corresponded to those at the 30-day stage, the only difference being an increase in collagen fibers and an apparent resorption of the calcified foci.
HISTOCHEMICAL EXAMINATION OF GLYCOSAMINOGLYCANS
In all stages, metachromasia and alcianophilia of the intercellular substance of the intima and the media were observed. The localization of the metachromasia and alcianophilia depended on the stage after dilatation. In the 3-and 6-day stages, the metachromasia was distributed rather diffusely, but lakes distending the spaces between neighboring elastic membranes were also observed. In the necrotic areas, however, the metachromasia was rather weak. The intensity of the Alcian blue staining accorded with the distribution of the metachromasia, but alcianophilia was also noted inside the foci. After the 6-day stage, the intensity of metachromasia and alcianophilia increased around the foci particularly in places with accumulations of collagen. In all stages the intima exhibited the same stainability, but some variations in intensity were observed (Figs. 3 and 4) . At low pH levels, the metachromasia decreased but persisted distinctly in the lakes as well as perifocally. After digestion with testicular hyaluronidase, the metachromasia decreased but did not vanish. Alcianophilia was observed at all concentrations of MgCl;, but it nearly disappeared at 0.8M and 1.0M MgCl^..
The adventitia always stained blue with Alcian blue indicating collagen fibers.
Seven of the 56 control aortas had slight and one had moderate microscopic alterations of the type previously described as spontaneous arteriosclerosis (7).
BIOCHEMICAL STUDIES
From the fourteenth day, the dry weights of the dilated aortas were higher than those of the controls (Table 1 ). The concentration of water was significantly increased 3 and 6 days after dilatation, but did not differ from that of the controls in the later stages, whereas the total content of water was elevated throughout the observation period ( Table 1 ). The concentration of hyaluronic acid, when calculated as fig hexosamine/mg dry defatted tissue, was increased in the dilated aortas on the third day and the sixth day (0.89 ±0.06 /xg and 1.00 ± 0.08 /i.g as compared to their controls 0.68 ± 0.06 (ig and 0.71 ±0.06 yxg, respectively). Thereafter the concentration followed those of the controls up to the sixtieth day when it was significantly lower (0.70 ± 0.05 fj,g hexosamine compared to the control of 1.03 ± 0.07 ^g).
The only change in the concentration of heparan sulfate was a decrease 60 days after dilatation. The concentrations of chondroitin-4, 6-sulfate and of dermatan sulfate did not Number of animab; is given in parentheses. Other numbers are means =*= SD. P values were derived by Student's (-test.
*Glycosaminoglycansi are expressed as ng hexosamine. change during the entire period. When calculated as total content of the aortas (Table 2) , the amount of hyaluronic acid was increased from the third day, chondroitin-4, 6-sulfate from the sixth day, and heparan sulfate and dermatan sulfate from the fourteenth day. Once increased, the fractions remained elevated throughout the observation period. The 8B S-incorporation in the sulfated glycosaminoglycans showed the following pattern: the uptake in the hyaluronidase digestible fraction, representing chondroitin-4, 6-sulfate, was increased in the dilated aortas from the sixth day throughout the remaining part of the experimental period (Table 3 ). The uptake in the hyaluronidase nondigestible fraction, representing heparan sulfate and dermatan sulfate, was decreased on the third day and increased on the sixth day and the thirtieth day, but did not differ from that of the controls on the sixtieth day. When calculated as the total radioactivity of aorta, the uptake was increased in both fractions from the sixth day.
The concentrations of hydroxyproline in the dilated aortas were lower than those of the controls on the sixth day and the fourteenth day, while no changes were observed 3, 30 and 60 days after dilatation. When calculated as total aortic content, an increase of hydroxyproline was seen from the fourteenth day throughout the rest of the period ( Table 2) .
The uptake of 12B I-labeled human serum albumin in the tissue (Table 3 ) from the animals with dilated aortas was increased from the third day to the thirtieth day, while the uptake did not differ from that of the controls on the sixtieth day. This is true when the radioactivities are related to the dry weights of the aortas as well as to the wet weights. There seemed to be an exponential decrease in the uptake from the third day to the sixtieth day.
The aortas of the controls of the five groups differed in some respects. These variations are probably due primarily to the differences in the age of the animals as well as to the control procedures (insertions of the noninflated catheter). During the study the experimental animals and the controls gained weight to the same extent (Table 1) .
Discussion
The gross arteriosclerotic changes of the aorta following a single short-lasting mechanical dilatation developed rather quickly from the sixth to the fourteenth day and, outside this period were widely independent of the time interval from the primary injury. By contrast, the microscopic and the biochemical alterations showed a pronounced dependence on the time elapsed following the injury.
The microscopic alterations can be classified into two groups: (1) changes reflecting destruction and degeneration in the form of necrosis and calcification and (2) alterations representing regeneration and repair including new formation of cells, intercellular substance, and fibers.
The microscopic alterations of the media in the later stages showed some similarity to spontaneous aortic arteriosclerosis in rabbits (7) . However, the frequency of spontaneous aortic arteriosclerosis in the descending thoracic aorta in rabbits of the Danish Country strain is very low (7) . Considering the extensiveness and the frequency of the alterations observed in the dilated aortas in the present study, spontaneous arteriosclerosis may be disregarded.
Apparently, dilatation and traction of the balloon catheter caused an almost complete removal or destruction of the endothelial cells. As early as the fourteenth day, however, the inner surface area of the aorta was widely covered with new endothelium, suggesting a fast regeneration of the endothelial cells. The time required for regeneration of vascular endothelium given by different investigators varies somewhat (25) (26) (27) . This may be due to differences in the type and the extent of the injury. Furthermore, the handling of the tissue for microscopic examination may itself cause loss of endothelial cells (28) .
The leukocytic infiltration in the luminal part of the media during the early stages after dilatation accords with the observations of CircuUlio* Resemrcb, Vol. XXIX, November 1971 Bjorkerud (25) and de Faria (29) in rabbit aorta subjected to injury, but contrasts with the findings of Friedman and Byers (26) and Hoff and Gottlob (30) . In all probability, leukocytic infiltration is a normal finding for the vascular wall subjected to damage. From the present and the quoted studies, it may be suggested that the degree and the duration of the leukocytic infiltration depends on several factors such as the nature and the severity of the injury. Furthermore, the degree of damage to the endothelial lining may be of importance. The disappearance of leukocytes which occurred simultaneously with the regeneration of endothelial cells observed in the present study supports this assumption, provided that some of the leukocytes migrate into the aortic wall from the luminal bloodstream. The infiltration of the adventitia with mononuclear cells in the 3-and 6-day stages accords with the observations reported by other investigators (29, 31) .
The pronounced decrease in the metachromasia of the intercellular substance at low pH levels suggests the presence of hyaluronic acid and carboxylic groups in other glycosaminoglycans. The presence of some metachromasia at low pH levels, as well as the persistence of some alcianophilia when staining with Alcian blue in 1M MgCL, accords with the presence of heparan sulfate. The incubations -with testicular hyaluronidase showed that the glycosaminoglycans were only partly digestible by this enzyme. Therefore, both hyaluronic acid, chondroitin-4, 6-sulfate, heparan sulfate, and dermatan sulfate may be present.
The biochemical analyses demonstrated that all four glycosaminoglycans took part in the processes elicited by the injury. The difference between the changes in the total amounts and the concentrations of the glycosaminoglycans emphasizes the importance of considering the total amounts in the estimation of the metabolic changes. The histochemical studies showed that the increase in the total aortic content of glycosaminoglycans and collagen was related to the focal vascular lesions and not due to a uniform thickening of the aortic wall. Therefore, determinations of the average concentrations of the individual substances only provide information of limited biological value.
Furthermore, the glycosaminoglycans, although biologically potent substances, contribute only slightly to the dry weights. As a consequence, their concentrations are widely dependent on other major components of the arterial wall such as the biologically inert calcium salts which were observed in the present study,
The simultaneous increase in the aortic content of hyaluronic acid and water is in agreement with the water-binding capacity of hyaluronic acid. The increased uptake of a5 Ssulfate into the sulfated glycosaminoglycans accords with stimulated synthesis (1), persisting as long as 60 days after the injury. Similarly, the reduced uptake into heparan or dermatan sulfate or both, 3 days after the injury in all probability reflects a lowered synthesis.
The time-dependent alterations in the glycosaminoglycan and collagen content of the aortic wall following a single mechanical dilatation are related to the alterations observed in granulation tissue (32) . In experimental granulomas, Lehtonen (33) found an initial increase in the total amount of hyaluronic acid, which remained elevated for more than 120 days. A similar long-lasting increase was observed in the total amount of pooled chondroitin sulfate. In the same type of granulomas, Niinikoski (34) found an increase in the total amount of collagen persisting for more than 15 days. These studies support the concept that the alterations in the aortic connective tissue in the present investigation are repair processes.
The increased concentration of 125 I-albumin activity in the wall of the dilated aortas indicates a greater transport of the tracer from the blood to the aortic wall. This is probably due to an increased vascular permeability to the albumin molecules and cannot be explained by the moderate increase in the inner surface area of the aorta. The rapid decrease in the augmented permeability from 3 days after injury demonstrates a dependence on the time elapsed after the primary injury which is even greater than the time dependence of the changes in the glycosaminoglycans and collagen. The increased permeability is probably due to the pronounced alterations in the aortic intima which follows mechanical dilatation. The restoration of normal permeability in the present type of experimental arteriosclerosis contrasts with the persistent increase in permeability reported in cholesterol atheromatosis (35) .
The changes in the glycosaminoglycan and collagen content of the arterial wall described by others in experimental arteriosclerosis (36) , as well as in human arteriosclerosis (37) , are almost exclusively given as concentrations. This makes proper interpretation and comparison difficult. Thus, the short-lasting increase in the concentration of hyaluronic acid observed by Von Berlepsch and Studer in the abdominal aorta of rabbits following overdilatation (38) may be identical with the short-lasting increase in the concentration of hyaluronic acid in the thoracic aorta in our study, and per se provide an erroneous picture of the duration of the increase in hyaluronic acid.
Finally, the pronounced dependence of the alterations in glycosaminoglycan and collagen content on the time elapsed after primary injury may help to explain the discrepancies between some of the reported findings in human arteriosclerosis (1, 39) , provided that repair processes are characteristic features of this disease.
